Abstract-Elimination of a clamp force sensor from brake-bywire system designs is strongly demanded due to implementation difficulties and cost issues. In this paper a new method is presented to estimate clamp force based on other sensory information. The proposed estimator fuses the outputs of two models to optimise the root mean square error (RMSE) of estimation. Experimental results show that the estimator can accurately track the true clamp force for high speed cases as demanded by anti-lock braking system (ABS) controls. A training strategy has been used to ensure that the estimator can successfully adapt to frictional variations within the reduction gearing. This paper is concluded with a discussion on the reliability of the developed clamp force estimator.
I. INTRODUCTION
Design and implementation of electromechanical braking (EMB) systems for drive-by-wire has been focused upon by researchers and industry experts [1] [2] [3] . In EMB systems an electric motor drive is coupled to reduction gearing that provides brake control to a wheel. The motor is typically of a permanent magnet brushless DC type. The reduction gearing generally consists of a planetary gear-train connected to a ball-screw that can generate clamp forces of up to 50 kN.
Generally EMB calipers utilise a clamp force sensor to close a loop for the purpose of controlling caliper dynamic performance. The control of an EMB with an internal clamp force sensor can be achieved using a standard motion control architecture adopted for servo motors (cascaded position, velocity and current control loops) that is slightly modified to suit the application at hand. Line et al. [4] replace the position control loop with a force control loop to control an EMB.
This architecture is shown in Fig. 1 . The implementation of this overall control system requires the use of a displacement sensor and three motor current sensors for the three-phase brushless DC motor. The former is realised by a resolver.
A clamp force sensor is a relatively expensive component in an EMB caliper. The cost is derived from its high unit value from a supplier, as well as its relatively high production cost that emanates from the complex assembly procedures dealing with small tolerances, as well as on-line calibration for performance variability from one clamp force sensor to another. The successful use of a clamp force sensor in an EMB system poses a challenging engineering task. If a clamp force sensor is placed close to a brake pad, then it will be subjected to severe temperature conditions reaching up to 800°C that will challenge its mechanical integrity. Also temperature drifts must be compensated for. This situation can be avoided by embedding a clamp force sensor deep within the caliper, i.e. at the near end of the ball-screw. Schwarz et al. [5] show that embedding this sensor leads to hysteresis that is influenced by friction between the clamp force sensor and the point of contact of an inner pad with the rotor. This hysteresis prevents a true clamp force to be measured.
Due to the cost issues and engineering challenges involved with including the clamp force sensor, it is highly desirable to eliminate this component from the EMB system. A potential opportunity to achieve this presents itself in a sensor fusion approach at signal level. That is, to accurately estimate the clamp force based on alternative EMB sensory measurements leading to the omission of a clamp force sensor. The idea of eliminating a clamp force sensor using other sensory information has been the subject of past work and will be detailed ahead. 
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This paper highlights the advantages and disadvantages of previous schemes to exclude a clamp force sensor, followed by proposing a new method to estimate EMB caliper clamp force for a disk brake.
II. DEVELOPMENTAL BACKGROUND Motor current sensors are part of almost all EMB caliper designs and since a motor provides a torque input which inturn induces the clamp force, current and clamp force are highly correlated. In a simplified model the torque produced by a permanent magnet DC motor is linearly proportional to the current passing through its field coil such that:
Tm KmIm (1) where Tm, Im and Km are the motor torque, motor current and motor torque constant respectively.
For a brushless permanent magnet DC motor the current (In) is the quadrature component of the resultant current space vector as determined from the individual phases [6] . [5] developed a clamp force estimation algorithm for an EMB caliper designed for a disk brake. Part of their algorithm involved the use of (2). To avoid a need for a friction model they superimposed a high frequency low amplitude sinusoid on the gross angular motion from the motor. This served to force the motor to pass the same location in a short period of time between a clamping and releasing action. Applying (2) to these instants and adding up the clamping and releasing equations, followed by some algebraic manipulation, yields the following expression for the estimated clamp force: Fc* = (Tm, c + Tm, r -JJttd2 (Om,cl + Om,r)/dt2)) 1 (2yt,t) (3) where the cl and rl subscripts mean clamping and releasing respectively. The friction term (Tf) has been cancelled out due to a sign change from clamping to releasing and vice versa.
The major issue with this method is its limitations for high speed applications. This is because on geometrical grounds, capturing a clamping and releasing action at the same motor angle is very difficult at high speed. Also whether an EMB caliper has the dynamic control ability to reverse direction at high speeds in a short interval of time is contentious. A means to cope with this deficiency is provided by Schwarz et al. [5] and is discussed as follows.
The characteristic curve of an EMB caliper is defined as the pseudo-static relationship that exists between motor angle and induced clamp force. Schwarz et al. [5] propose to use a caliper characteristic curve solely to estimate clamp force for feedback control in Fig. 1 . In the instants where (3) can be applied, it is used to adapt the parameter variations in the characteristic curve associated with pad wear.
Hoseinnezhad et al. [7] found that the use of a characteristic curve to estimate clamp force for dynamic scenarios is inaccurate due to the dynamic behaviour of the caliper. The cause of this effect is attributed to the viscoelastic behaviour exhibited mainly by the aluminium caliper bridge [8] and to some degree the brake pads [9] . To accommodate for this, Hoseinnezhad et al. [7] developed a dynamic clamp force estimator that solely relied on position measurements from a resolver. This model is shown in discrete time notation as follows:
where uC3, OC2, uC1 and uo are constants. The non-linear terms appear due to the non-linear stiffness exhibited primarily by the brake pads [10] and the caliper bridge [5] . In this paper we propose a new method for clamp force estimation that is based on optimised fusion estimates given by (4) and a torque balance approach.
III. EXPERIMENTAL ENVIRONMENT
A test rig was set up for use on a prototype EMB caliper. An external servo motor was used to provide actuation by coupling it to the caliper internal reduction gearing as shown in Fig. 2 . The external motor is of the permanent magnet brushless type, with ratings of 55.5 N.m and 5, 000 rpm and ensures that maximum clamp forces can be achieved. MATLAB's Simulink package along with the xPC block-set provides a real time operating system that was implemented to control the external motor angle.
The control of the external motor is achieved using PID controllers within a standard motion control architecture; cascaded position, velocity and current control loops. Logging of sensory measurements is attained via uploading the signal data to the host PC from the target PC, marked 1 and 2 respectively in Fig. 2 . The logged data is stamped at 100 pts time-step intervals. Both the host and target PC's have Pentium 4 processors operating at 2.4 GHz. To measure the caliper motor angle, an encoder output is taken from the For the purposes of clarity the sensory information from this test rig will be treated as being attained from an EMB caliper being actuated via its own motor.
IV. ESTIMATOR DEVELOPMENT A. Dynamic Stiffness Model
As has been mentioned previously, (4) will be used within the overall clamp force estimator presented in this paper. To determine the parameters of this model a least squares fit is performed on the test measurements of the clamp force and motor angle where the latter is a uniform random signal. The random signal leads to the inclusion of numerous frequency components that promote the attainment of more robust coefficients. The root mean square error (RMSE) of the defined model was found to be 0.28 kN for another uniform random motor angle signal. This error is attributed to the model structure of (4) not being entirely representative [7] as well as sensory noise effects.
B. Torque Balance Model
Schwarz et al. [5] show that the viscous contribution to friction in an EMB caliper is small compared to the Coulomb friction component. Hence, a simplified friction model [11] [12] is included in (2) as follows:
Tm Ta + Ti + (tFc, + A)sgn(dO Idt) (5) 6. external clampforce sensor 7. brake-out boxes 8. low passfilter / amplifier 9. DCpower supply 10. ethernet hub where pt is the coefficient of Coulomb friction and A is an offset term. The offset term is required to take into account frictional resistance prior to inducing a clamp. The sign function sgn(.) (1 for positive and -1 for negative arguments) is included to model the friction sign change that occurs between clamping and releasing. Hoseinnezhad et al. [7] show that the frictional parameters are subject to significant variation throughout the service life of a caliper. Therefore a methodology must be used to tune their values in an inservice application without the presence of a clamp force sensor. Before discussing our methodology to cope with friction variation, its characteristics are briefly reviewed for an EMB system. The frictional variation occurring in an EMB caliper is not apparent in a short term sense. Fig. 3 shows the motor torque versus time for a high speed cyclic case where motor angle is taken as the perturbation signal. The motor torque has a nearly identical trace at the beginning and the end of the test. This shows that the frictional parameters remain constant during short time intervals. Hence, the updating of the friction model is not required after every braking action, rather after a numerous number of braking actions. Later, we explain as how we take advantage of this relatively in-frequent updating requirement to deal with the long term frictional variations that occur in an EMB caliper. Equation (3) provides a means to estimate clamp force without the need for a friction model in a modified torque balance approach by Schwarz et al [5] . If an in-service EMB caliper automatically varies its motor angle in a cyclic manner, say for instance when the vehicle park brake is locked, (3) can then be used to estimate clamp force. Fig. 4 shows such an input which we use where a sinusoid of high frequency and low amplitude is superimposed on another sinusoid of lower frequency and higher amplitude. Two points in this figure, clamp and release, are marked at the same motor angle. We apply (3) at these instances to attain an estimate of the clamp force for both points in time. We repeat this throughout the signal so that a series of clamp force estimates is obtained. Keeping a log of these clamp force estimates, along with the associated motor torques (using (1)) and accelerations (using resolver), we then determine the parameter values within a discrete version of (5) by performing a least squares fit. A discrete form of (5) is shown as follows:
where ts is the sampling time. This procedure can be applied at timely intervals throughout the service life of an EMB caliper to actively adapt the friction model within (6) to parameter variations.
After some algebraic manipulation of (6), a parametric expression to estimate clamp force in real time is attained as follows: 
Applying (7) to a uniform random test leads to a RMSE of 0.61 kN. This error is attributed to the friction model not being entirely representative [4] as well as sensory noise effects.
A method is shown ahead to fuse the two clamp force estimates provided by the dynamic stiffness and torque balance model techniques so that an optimised estimate of clamp force is established.
V. FuSION
If the statistics of two independent estimates x1 and x2 of some desired quantity x are known, then an estimate x will be optimal when the expected value of a loss function is minimised. A loss function is described as follows:
where Q is a measure of loss. If the statistics of x1 and x2 are Gaussian then the estimate x is optimally defined by [13] :
G2(x (9) where a, and G2 are the RMSE of the two measurements. It can be found that the RMSE of the optimised estimate is given by:
The validation errors from both models given previously to estimate clamp force were each found to have bell-shaped profiles when plotted in histograms. Based on this, (9) can be efficiently applied to fuse the two clamp force estimates given by the two models. Writing (9) in terms relevant to this paper in discrete time notation yields:
gds + tb (1 1) where the subscripts ds and tb denote dynamic stiffness and torque balance respectively.
VI. RESULTS AND DISCUSSIONS
Fig . 5 shows the performance of (11) 
